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Noninvasive optical quantification of absolute blood
flow, blood oxygenation, and oxygen consumption
rate in exercising skeletal muscle
Katelyn Gurley, Yu Shang, and Guoqiang Yu
University of Kentucky, Center for Biomedical Engineering, Lexington, Kentucky 40506

Abstract. This study investigates a method using novel hybrid diffuse optical spectroscopies [near-infrared spectroscopy (NIRS) and diffuse correlation spectroscopy (DCS)] to obtain continuous, noninvasive measurement of
_ 2 ) in exercising skeletal muscle.
absolute blood flow (BF), blood oxygenation, and oxygen consumption rate (VO
_ 2 in forearm flexor muscles, while a
Healthy subjects (n ¼ 9) performed a handgrip exercise to increase BF and VO
hybrid optical probe on the skin surface directly monitored oxy-, deoxy-, and total hemoglobin concentrations
([HbO2 ], [Hb], and THC), tissue oxygen saturation (St O2 ), relative BF (rBF), and relative oxygen consumption
_ 2 signals were calibrated with absolute baseline BF and VO
_ 2 obtained through venous
_ 2 ). The rBF and rVO
rate (rVO
and arterial occlusions, respectively. Known problems with muscle-fiber motion artifacts in optical measurements
during exercise were mitigated using a novel gating algorithm that determined muscle contraction status based on
control signals from a dynamometer. Results were consistent with previous findings in the literature. This study
supports the application of NIRS/DCS technology to quantitatively evaluate hemodynamic and metabolic parameters in exercising skeletal muscle and holds promise for improving diagnosis and treatment evaluation for patients
suffering from diseases affecting skeletal muscle and advancing fundamental understanding of muscle and exercise
physiology. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.7.075010]
Keywords: noninvasive measurement; near-infrared spectroscopy; diffuse correlation spectroscopy; skeletal muscle; handgrip exercise.
Paper 12201 received Mar. 28, 2012; revised manuscript received Jun. 11, 2012; accepted for publication Jun. 13, 2012; published
online Jul. 12, 2012; corrected Jul. 19, 2012.

1

Introduction

Characterization of circulatory and metabolic function in
skeletal muscle has important applications in exercise and sports
medicine1–5 and provides key information for understanding
many common diseases (e.g., peripheral vascular disease,6–8
fibromyalgia,9 heart failure10,11) affecting skeletal muscle.
Because differences between healthy and diseased populations
are not always apparent at rest, it is important to study muscle
hemodynamic and metabolic changes in response to stimuli.2,6,8,10,12,13 Rhythmic exercise is an effective stimulus that
induces change in both blood flow (BF) and oxygen consump_ 2 ).14 The ability to noninvasively quantify these
tion rate (VO
parameters during exercise has great potential for improving
diagnosis and treatment assessment, as well as understanding
of general muscle function and exercise physiology.
BF in skeletal muscle has been quantified over the years by
a number of noninvasive methods. Doppler ultrasound BF
measurements can probe deep muscle tissue but are limited to
large vessels.15 Laser Doppler is capable of monitoring BF in
small vessels but is restricted to shallow tissue measurements
(skin flow).16 Arterial-spin-labeled MRI (ASL-MRI)17 and positron emission tomography (PET)18 are capable of monitoring
deep-tissue microvasculature BF but require expensive and
cumbersome equipment not available to all clinics or laboratories. Furthermore, most of these technologies are sensitive
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to motion artifacts, which can distort signals from contracting
muscle. Such limitations have prevented widespread use of
these noninvasive technologies in exercise research and clinical
settings.19
Oxygen consumption in skeletal muscle has also been quan_ 2 can be
tified by a number of technologies. Whole body VO
measured noninvasively via spirometry but does not provide
information on the contribution of individual organs/tissues.20
_ 2 is often measured invasively using the Fick
Muscle VO
principle with blood sampling via catheter.21,22 Although this
method is established, it is still regional in the scope of O2
dynamics, as blood samples are taken from major vessels connected to several muscle groups, rather than at the level of the
_ 2 has been quantified
local microvasculature. Local muscle VO
noninvasively by phosphorus magnetic resonance spectroscopy
(31P-MRS) but requires large and expensive equipment, has limited sensitivity, and does not provide high temporal resolution.23
Near-infrared (NIR) diffuse optical methods for quantification of hemodynamics have gained popularity in recent years
owing to the noninvasive, portable, relatively inexpensive, and
continuous nature of the measurement.1,5,21 These technologies
take advantage of the low absorption spectrum of tissue in the
NIR range (650 to 950 nm) to penetrate deep tissue and detect
absorption of photons by chromophores such as oxy- and deoxyhemoglobin ([HbO2 ] and [Hb], respectively) and scattering by
cell and organelle membranes. NIR spectroscopy (NIRS) has
been used indirectly to quantify absolute local BF using exogenous tracers24,25 or venous occlusion plethysmography21,26,27 and
0091-3286/2012/$25.00 © 2012 SPIE
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has been validated against the more standard strain-gauge
plethysmography. However, these methods require invasive
injection of exogenous tracers or external manipulations
(venous occlusion) that interrupt the flow response and prevent
truly continuous BF measurement. NIRS has also been used in
_ 2 at rest and
several studies to quantify absolute muscle VO
postexercise via arterial or venous occlusion21,26,28,29 and has
been validated against blood sampling methods.21
A novel technology, diffuse correlation spectroscopy (DCS),
has recently been developed to directly measure relative changes
in tissue BF (rBF).30–32 DCS uses a coherent NIR light source to
penetrate tissue and monitors temporal light intensity fluctuations caused by moving scatterers (primarily red blood cells)
to calculate a flow index (αDB ). DCS techniques for rBF measurements have been used previously to study tissue hemodynamics in skeletal muscle13,33–36 and validated in a variety of
tissues/organs against other local BF measurements such as
xenon-CT,37 laser Doppler,30 and perfusion MRI.33,38 A recently
developed hybrid optical device combining NIRS and DCS
technologies is capable of simultaneously measuring [Hb],
[HbO2 ], total hemoglobin concentration (THC or [tHb]), tissue
blood oxygen saturation (St O2 ), and rBF.31 From rBF and St O2
_ 2 (rVO
_ 2 ) can be
measurements, relative change in VO
13
calculated. Although previous studies have employed this type
of hybrid instrument in studying skeletal muscle, measurement
_ 2 . In
is limited to providing only relative values of BF and VO
addition, DCS is highly sensitive to muscle fiber motion, which
can distort the signal and cause significant overestimation of
flow. Previous efforts to minimize motion artifact have required
precise coregistration of contraction status and offline data
analysis.34
The goal of this study was to provide a method using the
hybrid diffuse optical technologies described above to obtain
truly continuous, completely noninvasive measurement of
_ 2 in exercising skeletal muscle. Absolute
absolute BF and VO
quantification of these values was achieved by using pre_ 2
exercise occlusions to quantify absolute baseline BF and VO
_ 2 signals. Reduction of
and calibrating continuous rBF and rVO
motion artifact during exercise was achieved by using a novel
gating algorithm embedded in the instrument control software,
which enables data recording only at time points when muscle
fiber motion is minimal. To the best of our knowledge, our
experiment demonstrates for the first time the capabilities of
_ 2
using a hybrid optical device to measure absolute BF and VO
continuously and noninvasively in exercising muscle.

2
2.1

Second, arterial occlusion at 240 mmHg was applied to obtain
_ 2 were
_ 2 .28 Third, muscle BF and VO
absolute baseline VO
manipulated by 5-min rhythmic forearm handgrip exercise
at 25% maximal voluntary contraction (MVC)14 to test the capabilities of using the hybrid optical device for quantifying abso_ 2 continuously during exercise. A previous
lute BF and VO
study14 has shown that at this exercise intensity, muscle is
_ 2
echallenged enough to reach an elevated plateau BF∕VO
value without inducing obvious postexercise hyperemic
response. This exercise protocol is in line with many other similar studies10,11,26 to allow a basis for comparison of results. During all protocols, a fiber-optic probe was taped to the skin
surface above the forearm flexor muscles (flexor digitorum
superficialis/profundus) to allow for continuous DCS/NIRS
measurements (Fig. 1). The measurement protocols and data
acquisition parameters are described in detail in the following
subsections.

2.3

Experimental Protocols

Before the optical probe was fixed, subjects were instructed to
lie in supine position with right arm extended, slightly elevated
above heart level (<20 deg) to facilitate venous return. Elbow
flexion was kept as close to 0 deg as possible. Blood pressure
was obtained using an automatic monitor (Omron HEM-80,
Kyoto), and skin/adipose tissue thickness above wrist flexor
muscles was measured using a skinfold caliper (Lange
85300, Texas). Average resting systolic arterial pressure was
116.2  3.1 mmHg, which was sufficiently lower than the
pressure used for arterial occlusion (240 mmHg). Skin/adipose
tissue thickness (ATT) was 1.5  0.2 mm (1 to 3 mm), which
was sufficiently less than the NIR light penetration depth
of ∼1 cm (see Discussion).
First, subjects’ MVC for isotonic handgrip exercise was
determined. Subjects squeezed a handgrip device on a dynamometer (BTE PrimusRS, Maryland) through a distance of 5 cm
(∼0.5 s contract, ∼0.5 s release) for an increasing load (beginning at ∼20 N · m with an increment of ∼5 N · m), until they
were unable to perform the task. In most subjects, MVC could
be determined within four contractions, reducing the effect of
potentiation and fatigue. Average MVC was 27.3  2.2 N · m.

Methods
Subject Characteristics

Nine healthy young subjects (five men and four women)
volunteered to participate in this study after written consent
in accordance with approval of the Institutional Review Board
at the University of Kentucky. Average physical characteristics
(mean  SE) of the subject population were age 24.6 
0.6 years, height 167.9  2.5 cm, and weight 73.8  8.2 kg.

2.2

Experimental Design

As in previous studies,14,26,28 three protocols were used in this
_ 2 in forearm muscle
study to obtain absolute BF, St O2 , and VO
during exercise. First, venous occlusion at 50 mmHg was
applied on the upper arm to obtain absolute baseline BF.26
Journal of Biomedical Optics

Fig. 1 Experimental setup showing dynamometer and flexible
fiber-optic probe containing source and detector fibers for both NIRS
and DCS, taped to forearm flexor muscles (flexor digitorum superficialis/
profundus). Subject is supine, while arm is slightly elevated on a pillow.
Hand is resting around handgrip attachment of the dynamometer.
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automatic tourniquet cuff (Zimmer ATS 1000, Indiana) was
placed just above the elbow on the right upper arm.
For the venous occlusion protocol, 1-min baseline measurement was recorded, followed by three 10-s occlusions
(50 mmHg) separated by 30-s rest each. Following the last
30-s rest period, another 1-min recovery was recorded. Then
a 3-min arterial occlusion (240 mmHg) was performed, followed by 5-min recovery to baseline. After recovery, subjects
performed 5-min handgrip exercise following the rhythm
described above. Recovery data was then recorded for 5 min.

2.4

Fig. 2 Input and control signals for the gating algorithm controlling data
acquisition during exercise. The dynamometer voltage is the input
signal, which parallels the handgrip position. A handgrip position of
0 cm corresponds to fully contracted, whereas 5 cm corresponds to fully
relaxed (no motion). The trigger signal is high following the rising edge
of the dynamometer voltage. The delay between the trigger impulse and
the beginning of data recording accounts for residual muscle motion
once the dynamometer voltage has surpassed the threshold.

After testing of the MVC, the dynamometer load was
reduced to 25% MVC (6.8  0.6 N · m) and subjects were
given a very brief training period (<15 repetitions) to familiarize
themselves with the rhythm of contractions during the exercise
protocol (∼0.5 s contract, ∼0.5 s release, 1 s rest). Pace was
dictated by a visual metronome on the dynamometer monitor,
and subjects were able to perform at the set rhythm without
difficulty. Subjects were then instructed to rest while the optical
probe was fixed to the right forearm and a fast-inflating

Data Acquisition

[HbO2 ], [Hb], THC, and St O2 were all measured with NIRS
using a commercial tissue oximeter (Imagent, ISS Inc., Illinois).
Briefly, the optical probe (Fig. 1) emits light at four alternating
wavelengths (690, 750, 780, and 830 nm) modulated at
110 MHz. Light from the four wavelengths was detected at
varying distances of 2, 2.5, 3, and 3.5 cm away from the sources
and analyzed using frequency domain spectroscopy at multiple
source-detector separations (i.e., spatially-resolved spectroscopy) to determine the absolute baseline [Hb] and [HbO2 ].39
To reduce noise contributed by the phase component of the
detected signals present in four-wavelength spatially-resolved
analysis, relative changes (Δ[Hb], Δ½HbO2 ) were calculated
with the data from two wavelengths (830 and 690 nm) at a
separation of 2 cm using the modified Beer–Lambert method.40
The Δ½Hb and Δ½HbO2  were then added to the absolute baselines to obtain continuous absolute concentrations. THC was
calculated as the sum of [Hb] and [HbO2 ], and St O2 as the
ratio of [HbO2 ] to THC.
The instrument used for DCS data acquisition has been
described in detail elsewhere.32,41 Briefly, a long-coherence
(>5 m), continuous-wave laser at 830 nm (Crystalaser Inc.,
Nevada) emits photons into the tissue surface through a multimode optical fiber, while four single-mode detector fibers
located 2 cm away (Fig. 1) measure surface light speckle
fluctuations caused by moving scatterers (primarily red blood

Fig. 3 (a), Raw DCS signal (αDB ) acquired during exercise with application of gating algorithm. (b), Raw DCS signal acquired during exercise without
application of gating algorithm. Exercise was performed at 25% MVC, with 1-s contraction/relaxation. The bold vertical lines denote beginning and
end of exercise.

Journal of Biomedical Optics
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_ 2
Fig. 4 Hemodynamic responses to physiological manipulations in protocols for a single subject. Bold lines show slope fitting for baseline BF and VO
calculations. Vertical lines denote beginning and end of physiological manipulations (occlusions, exercise). (a), Three venous occlusion (VO)
_ 2 calculation and exercise (Ex) protocol. Basemeasurements with slope fitting for BF calculation. (b), Arterial occlusion (AO) with slope fitting for VO
_ 2 values for this subject were 2.48  1.14 mL∕100 mL∕ min and 0.11 mL O2 ∕100 g∕ min (5.04 μmol O2 ∕100 g∕ min), respectively.
line BF and VO

cells). Detected photons are counted by avalanche photodiodes
(APDs, PerkinElmer Inc., Canada), and the output is fed to an
autocorrelator board (correlator.com, New Jersey), which uses
photon arrival times to determine the light intensity temporal
autocorrelation function. Data acquired from the four detectors
were averaged together to improve signal-to-noise ratio. From
the normalized-intensity temporal autocorrelation function, the
electric-field temporal autocorrelation function G1 ðτÞ was
derived, satisfying the correlation diffusion equation in highly
scattering media.42,43 For the case of diffusive motion, the
decay of this function depends on an effective diffusion
Journal of Biomedical Optics

coefficient DB and a parameter α (ranging from 0 to 1),
which is proportional to the red blood cell fraction of the probed
tissue.34 BF index (αDB ) was extracted from the signal by fitting
the normalized electric-field temporal autocorrelation function
g1 ðτÞ with the theoretical solution.32 The αDB was then normalized to determine the relative change of BF (rBF).
During the venous occlusion protocol, only NIRS data were
collected at a sampling rate of 3.7 Hz. Preliminary testing
showed that this high sampling rate was required to precisely
fit the curve of THC increase during venous occlusion measurements. The slope of this curve was then used as a measure of the

075010-4
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_ 2 (b) during exercise for a single
Fig. 5 Absolute BF (a) and VO
_ 2 by their
subject. Values were calculated by multiplying rBF and rVO
baseline values, and converting to mL blood∕100 mL∕ min and mL
O2 ∕100 g∕ min, respectively. The bold vertical lines denote beginning
and end of exercise. Note that there are some residual motion artifacts,
especially before the beginning and at the end of exercise.

absolute BF. For the arterial occlusion and exercise, NIRS measurements were combined with DCS measurements in an alternating fashion. Data were acquired continuously during
baseline, 3-min arterial occlusion, and recovery and modulated
with a gating algorithm during exercise. Sample input and
control signals for the gating algorithm are shown in Fig. 2.
Because DCS flow measurements are sensitive to motion artifact
from muscle fibers, sampling time was constrained to the rest
period between contractions during exercise (< 1 s). DCS
sample time was set to ∼300 ms whereas NIRS sample time
was set to ∼400 ms, resulting in a total sampling time of
∼700 ms per data point. Contraction status was determined
by analog voltage output transferred from the dynamometer
to the DCS. Once the voltage surpassed a threshold indicating
change from contracted (low voltage) to relaxed (higher voltage)
status, the data acquisition entered a short delay period (50 ms)
to account for residual motion, and then began recording data.
After the frame had been recorded and stored, the algorithm
waited for the next rising edge in the dynamometer signal to
reinitiate measurement.

2.5

Absolute Blood Flow

Venous-occlusion plethysmography is a widely accepted
method for determining peripheral BF19,44 and has been used
with NIRS techniques in several studies.21,26,27,45 Absolute baseline muscle BF was determined as the average rate of increase in
THC during the first 5 s of three venous occlusions and
Journal of Biomedical Optics

Fig. 6 (a), Average BF dynamics for all subjects. Pre-exercise average
value was 1.76  0.42 mL∕100 mL∕ min, and the average plateau
value towards the end of exercise was 8.93  2.81 mL∕
_ 2 dynamics for all subjects. Pre-exercise
100 mL∕ min. (b), Average VO
average value was 0.11  0.03 mL O2 ∕100 g∕ min, and average plateau value towards the end of exercise was 0.57  0.13 mL
O2 ∕100 g∕ min. Values are mean  SE. The bold vertical lines denote
beginning and end of exercise.

converted from units of μM tHb∕ sec to mL blood∕
100 mL tissue∕ min using an average blood hemoglobin concentration of 14.1 g∕dL,46 accounting for a hemoglobin molecular weight of 64.458 g∕mol.47 During exercise, absolute BF
was calculated by multiplying rBF by the absolute baseline
value measured by the venous occlusion protocol.

2.6

Absolute Oxygen Consumption Rate

_ 2 was measured as the linear regression of the oxyBaseline VO
gen desaturation rate (½HbO2  − ½Hb) during the first 60 s of
arterial occlusion28 and expressed as mL O2 ∕100 g tissue∕min
(accounting for O2 molecular weight of 32 g∕mol, 4∶1 ratio
of O2 to hemoglobin, O2 density of 1.429 g∕L, and muscle
_ 2 during exercise was calculated
density of 1.04 kg∕L27). VO
_ 2 is equal
based on Fick’s law,13,48,49 which states that VO
_ 2¼
to the arteriovenous [O2 ] difference times the flow: VO
ðBFÞ × ð½O2 a Þ − ½O2 v Þ. Defining the oxygen extraction fraction as: OEF ¼ ð½O2 a − ½O2 v Þ∕ð½O2 a Þ, the equation becomes:
_ 2 ¼ ðOEFÞ × ðBFÞ × ð½O2 a Þ. Relative changes in each
VO
_ 2 , by dividing
variable can be defined as rBF, rOEF, and rVO
each parameter by its respective baseline value. Assuming
½O2 a does not change, the relative change in oxygen consump_ 2 ¼ rOEF × rBF. OEF is related to
tion rate is calculated as rVO
tissue blood oxygen saturation by the following: OEF ¼
ðSa O2 − St O2 Þ∕ðγ × Sa O2 Þ, where Sa O2 and St O2 are arterial
and tissue saturations, and γ is a measure of the percentage
of blood volume contained in the venous compartment of the
vascular system,13 assumed to be constant for the duration of
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the measurement. Further assuming a constant Sa O2 of 100%,
rOEF becomes: rOEF ¼ ð1 − St O2 Þ∕ð1 − St O2base Þ, and
_ 2 ¼ rBF × ð1 − St O2 Þ∕ð1 − St O2base Þ, where St O2base is
rVO
baseline tissue oxygen saturation. St O2 is measured directly
with NIRS, whereas rBF is measured directly with DCS. Abso_ 2 during exercise was then calculated by multiplying
lute VO
_
_ 2 measured by the arterial
rVO2 by the absolute baseline VO
occlusion protocol.

3

Results

3.1

Effect of Gating on Signal Acquisition

Figure 3 shows results from a preliminary test on a single subject
demonstrating the difference in DCS flow index (αDB ) signals
acquired during exercise with [Fig. 3(a)] and without [Fig. 3(b)]
applying the gating algorithm. The two trials were performed at
the same rate and intensity as the other exercise protocols (25%
MVC, 1-s contraction/relaxation) and separated by more than
_ 2 . These results
6 min, allowing for recovery of BF and VO
clearly show that the gating algorithm significantly reduced
noise due to motion artifact.

3.2

Typical Individual Response

The typical muscle hemodynamic response for a single subject
through the entire protocol is shown in Fig. 4. Bold lines illustrate slope-fitting during occlusion. During venous occlusions
(VO), THC increased at a rate proportional to the arterial inflow
(BF).21 During arterial occlusion (AO), THC remained constant,
whereas the desaturation rate (½HbO2  − ½Hb) decreased at a rate
_ 2 .28 This corresponded to a decrease in St O2 ,
proportional to VO
_ 2 increased, causing a
and rBF near zero. During exercise, VO
corresponding decrease in St O2 as well as an increase in rBF to
meet the metabolic demand. Figure 5 shows continuous absolute
_ 2 responses during exercise for the same sample
BF and VO
subject.

3.3

Average Blood Flow

All subjects demonstrated similar trends in response to occlu_ 2
sion and exercise (Fig. 6). For clarity, filtered BF and VO
responses across the subject population were averaged at
10 s intervals during the exercise protocol. Resting baseline
BF for nine subjects (mean  SE) obtained by venous occlusion
was 1.76  0.40 mL∕100 mL∕ min. After arterial occlusion, the

Table 1 Comparison of our results (bottom row) to previous findings.
Study
Van Beekvelt et al.21

De Blasi et al.26

Harel et al.27

Exercise BF
(mL∕100 mL∕ min)

_
Resting VO
2
(mL O2 ∕100 g∕ min)

_
Exercise VO
2
(mL O2 ∕100 g∕ min)

NIRS þ VO, NIRS þ AO
(n ¼ 26)

0.72  0.32

n/a

0.11  0.03

n/a

8.2  2.9

0.10  0.03

0.54  0.24

NIRS þ VO
(n ¼ 11)

1.9  0.8

NIRS þ VO
(n ¼ 25)

2.55  0.10

n/a

n/a

n/a

NIRS þ VO, NIRS þ AO
(n ¼ 27)

0.719  0.063

n/a

0.106  0.006

n/a

NIRS þ O2 inspiration
(n ¼ 6)

2.35  1.11

n/a

n/a

n/a

Strain gauge VO,
blood samples
(n ¼ 22)

3.10  0.27

7.10  0.76

0.12  0.01

0.51  0.05

Strain gauge VO,
blood samples
(n ¼ 8)

2.54  0.23

9.20  1.08

∼0.1

∼0.75

Strain gauge VO,
blood samples
(n ¼ 16)

2.9(0.09 − 0.52)

n/a

0.24  0.07

n/a

NIRS∕DCS þ VO,
NIRS∕DCS þ AO
(n ¼ 9)

1.76  0.42

8.93  2.81

0.11  0.03

0.57  0.13

a

Edwards et al.54

b

b

b

Arnold et al.11

Mottram22

Resting BF
(mL∕100 mL∕ min)

a

Van Beekvelt et al.57

Zelis et al.10

a

Methods for measuring
_
BF,VO
2

b

a

Gurley 2012
(present study)

b

Note: All measurements are on forearm flexor muscles of healthy adults, and those with exercise data shown are for protocols which involve
light/moderate repeated exercise at a similar intensity to that presented in the present study. Venous and arterial occlusion methods are represented
as VO and AO, respectively. n/a, not applicable.
a
Mean  SD.
b
Mean  SE. Results presented without a range are inferred from figures, i.e., values were not specifically stated in text.
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pre-exercise BF value was determined as the average of data
points 30 s before the beginning of exercise (1.76  0.42 mL∕
100 mL∕ min). The pre-exercise BF did not differ significantly
from resting BF, indicating that there was no residual hyperemic
response following arterial occlusion. During exercise, BF
increased rapidly during the first few minutes, then increased
following a more exponential pattern to a gradual plateau
[Fig. 6(a)]. The plateau BF value was determined as the average
BF 30 s before the end of exercise (8.93  2.81 mL∕
100 mL∕ min).

3.4

_ 2
Average VO

_ 2 value for nine subjects (mean  SE) obtained
Baseline VO
by arterial occlusion was 0.12  0.02 mL O2 ∕100 g∕ min
_ 2
(5.62  1.03 μmol O2 ∕100 g∕ min). During exercise, VO
dynamics followed the BF change; with initial linear increase
followed by exponential increase to a gradual plateau
[Fig. 6(b)]. Pre-exercise values were determined as the average
of data points during the first 30 s before exercise
(0.11  0.03 mL O2 ∕100 g∕ min) and were the same as the
average resting baseline value. The plateau value toward the
end of exercise was found to be 0.57  0.13 mL
O2 ∕100 g∕ min.

4

Discussion and Conclusions

_ 2 during exercise is
Quantification of skeletal muscle BF and VO
a useful metric in evaluating circulatory and metabolic function,
which can be applied to assessment of pathological conditions
in muscular diseases, as well as evaluation of training-induced
adaptation of muscle in exercise physiology and sports medicine. The present study employed hybrid NIRS and DCS
technology, calibrated on an individual basis by simple physiological manipulations, operating in tandem with a gating
algorithm to continuously and noninvasively acquire real-time
_ 2 , [HbO2 ], [Hb], and St O2 data from exercising
absolute BF, VO
skeletal muscle.
Although NIRS/DCS shows promise for hemodynamic
measurement during exercise as presented in this study, one
should consider the limitations and benefits compared to alternate measurement techniques. The most obvious advantage of
NIRS/DCS is that it is completely noninvasive. Compared to
_ 2 measurement,
catheterization or blood sampling22 for VO
this technique is much easier to use and more comfortable
for the subject, making it ideal for use in research or with fragile
patient populations. In addition, the running cost of NIRS/DCS
is inexpensive compared to other techniques evaluating local
perfusion and oxygen consumption, such as PET, perfusion
MRI, and 31P-MRS.19 NIRS/DCS is limited to measuring perfusion at a very specific location, however, which—depending on
the application—can be an advantage or a disadvantage. Ultrasound Doppler is a popular method for measuring limb BF
through major arteries but is not necessarily reflective of the
actual delivery and utilization of oxygen in local skeletal
muscle.4 Furthermore, it requires precise placement of the
_ 2 measurement
probe in relation to the vessel. To acquire VO
with ultrasound Doppler by the Fick method, additional blood
sampling is required. The advantage to using ultrasound Doppler for exercise studies is that it can monitor flow both during
the contraction and relaxation phases of rhythmic exercise.19
Previous studies have shown that flow is much higher in
major arteries during relaxation compared to contraction,50
Journal of Biomedical Optics

although arterial inflow occurs almost exclusively between
contractions.51 Perfusion in the microvasculature is inhibited
during contractions due to increased intramuscular pressure
and extravascular compression.34 Because NIRS/DCS monitors
only the smaller vessels,4 it is reasonable to measure BF and
_ 2 only during the relaxation phase of rhythmic exercise.
VO
Many previous studies using diffuse optical spectroscopies to
monitor exercise hemodynamics and oxidative metabolism in
muscle have focused on monitoring values before and after exercise, largely because of the lack of adequate technologies.34 It
_ 2 recover
has been shown, however, that muscle BF and VO
quickly to baseline following moderate exercise and can display
a significant hyperemic response following heavy exercise.14
_ 2 directly postexercise
Thus, techniques to evaluate BF and VO
can result in significant over- or underestimation depending on
the exercise response. This error can be avoided by using DCS/
NIRS technology to continuously monitor hemodynamic parameters throughout exercise. In addition, the dynamic pattern of
flow and oxygenation response during exercise may contain
useful information that cannot be assessed without continuous
monitoring.
Researchers have applied venous occlusion in conjunction
with NIRS to determine BF in resting and exercising
muscle21,26,27,52 and validated against the clinically accepted
method of strain-gauge plethysmography. Although venous
occlusion can provide absolute BF measurement, it requires
interruption of natural flow response and can only provide
data at discrete time points. By contrast, combined NIRS/
DCS allows for continuous and direct measurement of BF without interruption of natural response, making it ideal for studying
muscle response during exercise. In addition, studies have also
shown that the variability of NIRS with venous-occlusion
plethysmography versus strain-gauge measurement increases
considerably with increased BF,26 making the validity of the
technique questionable for BF measurement in exercise state.
By using venous occlusion with NIRS only at baseline to calibrate the DCS rBF measurement, NIRS/DCS reduces this variability and provides more accurate absolute BF response
information during exercise.
Both venous and arterial occlusions have been used with
_ 2 quantification,21,28,52,53 and some argument
NIRS in resting VO
exists as to which is the better method.29 Venous occlusion is
less uncomfortable for the subject but is more susceptible to
local vasoreactivity and changes in pressure that can cause
flow variations. With arterial occlusion, the closed compartment
mitigates the effect of centrally mediated variation, and previous
studies have found that arterial occlusion has higher reproduci_ 2 during exercise
bility.21 Measurement of regional muscle VO
has been previously achieved using the Fick method, which
requires continuous monitoring of BF as well as invasive
blood sampling in addition to monitoring BF.14 Blood sampling
by invasive catheterization causes unwanted discomfort and
anxiety to the subject, and the same limitations to continuous
monitoring of BF using occlusions apply to continuous moni_ 2 . Absolute baseline VO
_ 2 can be easily determined
toring of VO
by using noninvasive arterial occlusion with NIRS and calibrat_ 2 signal acquired from the hybrid NIRS/
ing the continuous rVO
_ 2 during
DCS instrument. In this way, continuous absolute VO
exercise can be measured noninvasively.
DCS measurement of rBF has been validated against ASLMRI for monitoring hemodynamic changes in skeletal muscle
during reactive hyperemia following ischemia.33 However,
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further exercise studies have demonstrated that DCS measurements in exercising muscle are highly sensitive to motion
artifact causing overestimation of flow, and previous efforts
using DCS to quantify rBF during exercise have required
precise coregistration with dynamometer recordings and offline
analysis to extract noncontaminated DCS data.34 The gating
algorithm outlined in the present study eliminates the need
for such offline data processing and more accurately determines
flow at optimal points in the contraction/relaxation cycle.
Figure 3 shows the significant improvement in DCS signals
acquired with the gating algorithm compared to those acquired
without. Although the motion artifact is not completely eliminated, noise can be further reduced by employing slower exercise protocols, or possibly with improved data acquisition
speeds as technology advances. Additionally, noise may be
reduced by utilizing real-time data filters.
Our baseline results are consistent with previously reported
_ 2 10,11,21,22,26,45
baseline values of BF10,11,21,22,26,27,45,54 and VO
using similar methods and protocols, as are the plateau values
towards the end of exercise10,11,26 (Table 1). The dynamic
_ 2 changes during exercise
physiological profiles of BF and VO
agree with previous exercise studies,14,55,56 and the physiologic
variability represented by the error bars (Fig. 6) is consistent
with another exercise study.14 One difference between our
results and others comparing these dynamic profiles is the ele_ 2 value during the recovery period following exervated BF∕VO
cise, relative to the resting baseline (Fig. 6). The origin of this
shift is not specifically known, but may be due to increased
temperature at the probe site from accumulated heat generated
by exercising muscle, or flow response differences between the
microvasculature and large vessels measured by different
modalities (e.g., DCS versus Doppler ultrasound) in different
studies. Further investigation is necessary to verify the cause.
One concern with NIRS measurements is the influence of
adipose tissue thickness ATT. It is well known that penetration
depth of near-infrared light in human tissue is roughly half of the
source–detector separation.21 Because of this limitation, ATT
can sometimes distort hemodynamic measurement. For this
study, a source-detector separation of 2 cm was used, probing
a depth of ∼1 cm. Previous studies have shown that for an
optode separation of 2 cm or greater, the contribution of skin
is <5% of total light absorption, and the detected signal is
mainly from muscle tissue.53 There have been studies58
aimed at correcting the variation in measurement sensitivity
due to ATT based on algorithms derived from Monte Carlo
simulations with in vivo measurements, which may be useful
to employ in future work with subjects that have significant
ATT. The results imply, however, that up to the maximal
ATT observed in our study (3 mm), the sensitivity of the
NIRS/DCS signal is affected by less than 10%. Furthermore,
_ 2
no significant correlation was found between ATT and VO
or BF in this study. Therefore, it is reasonable to assume that
skin thickness did not adversely influence our measurements.
_ 2 , the percentage of blood contained in the
In calculating VO
venous compartment (γ) was assumed constant. However, there
was a detectable change in total blood volume during exercise
in the present study, evident as an increase in THC (an average
of ∼20%). Previous research has shown that NIRS/DCS signals originate primarily from the microvasculature, including
arterioles, capillaries, and venules,59 so it may be assumed
that the detected blood volume increase is limited to changes
in these small vessels. Part of the volume increase is likely
Journal of Biomedical Optics

due to capillary recruitment, which is a normal physiological
response to exercise that increases area for metabolic exchange
within the muscle.60 Previous work on mathematical modeling
of NIRS measurements61 has suggested that blood volume
changes during exercise are primarily due to changes in number
of microvascular units perfused and attribute the volume
increase to the capillaries. An increase in capillary blood volume
is neither in the arterial compartment nor in the venous compartment, and would have minimal impact on γ. Part of the volume
increase may also be due to an increase of blood volume in
venules, which are more compliant than arterioles and therefore
more capable of accommodating volume changes. In the most
dramatic case, we may assume that the total ΔTHC is due solely
to changes in venule volume (V v ), while arterial volume (V a )
remains constant. This would cause the largest variation in γ.
In this case, an average of ∼20% change in ΔTHC (representing
V v ) would cause a γ ½γ ¼ V v ∕ðV v þ V a Þ increase from γ rest ≈
67% (Ref. 13) to γ exercise ≈ 73%. This increased γ during
_ 2 by a factor of ∼7%
exercise leads to a variation of rVO
[ðγ rest ∕γ exercise − 1Þ × 100]. Considering the several-fold in_ 2 during exercise (see Fig. 6), this small variation
crease in rVO
may be considered unimportant. It should be noted that
_ 2 measuredifferences in assumed γ will only impact the VO
ment, as it is a secondary calculated parameter, whereas BF is
measured directly by DCS without any assumption of γ.
While the findings of this study are encouraging, further
investigation is necessary to fully validate the technique. The
technique developed in this study has been applied at this
point only to mild-intensity exercise, and validation is qualitative. The reliability of the technique should be investigated
through a range of exercise intensities and energy demands.
Simultaneous measurements with other established technologies
such as ASL-MRI and 31P-MRS would allow for a quantitative
multipoint comparison of both microvascular perfusion and
_ 2 with thorough statistical analysis. A larger subject populaVO
tion is desirable to reduce the effects of intersubject variability
and would significantly decrease the error bars shown in Fig. 6.
Other means of monitoring muscle contraction status, such as
electromyography (EMG), may provide more accuracy in determining time points where data should be acquired to minimize
motion artifact.
In conclusion, this study demonstrates the capability of novel
hybrid NIRS/DCS to continuously monitor absolute hemodynamic and metabolic parameters in local muscle groups during
exercise with reduced noise from motion artifact. Because skeletal muscle function depends strongly on oxidative metabolism
and BF response, this technology is highly relevant to the study
of muscle physiology and pathology. The technology is especially appealing in clinical settings due to its fast, noninvasive,
and portable nature, making it an option for even vulnerable
populations, in both research laboratory and clinical field.
Future developments in spectroscopic technologies promise
_ 2 quantification even more accessible,
to make BF and VO
with higher quality real-time data.
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